The effects of adenine, salicylaldoxime and 4(5)-methylimidazole on brass corrosion in NaCl were investigated. The investigation comprised electrochemical techniques, scanning electron microscopy and quantum chemical calculation. The results obtained by polarization measurements show that the examined compounds successfully inhibited the corrosion of brass. Additionally, the quantum mechanical calculations indicate that there is a correlation between energy gap and inhibition efficiency. Moreover, the inhibition mechanism includes the adsorption of the inhibitor on active sites on the electrode surface, which was confirmed by SEM-EDS analysis of the brass.
Results and Discussion
Open circuit potential measurements of brass. The open circuit potential of brass was measured in 3% NaCl solution without and with the addition of adenine, salicylaldoxime and 4(5)-methylimidazole. The obtained results are shown in Figs 1a-3a. In the inhibitor-free solution, the OCP shifts toward a negative direction at the beginning of immersion, indicating the deposition of corrosion products on the brass surface. The open circuit potential values are shifted in the negative direction as the concentration of inhibitor is increased. This behavior may be associated with the adsorption of inhibitor molecules on active sites on the surface of the brass 17, 18 . The shift in OCP value due to increased concentration of the inhibitor is not significant, so it can be assumed that the tested compounds behave like mixed-type inhibitors, which will be discussed later. After the pretreatment of brass in the appropriate aqueous solution, the OCP was measured again (Figs 1b-3b ). The obtained values are more negative than the value for blank solution. By comparing the OCP values of brass in 3% NaCl in the presence of 5·10 −3 M AD, 5·10 −3 M SA, and 1·10 −2 M MI with those recorded after pretreatment, it can be seen that in the second case, the OCP values are more positive. This could be explained by the adsorption of inhibitors on the metal surface. www.nature.com/scientificreports www.nature.com/scientificreports/ cyclic voltammetry measurements of brass. The initial contact of brass (Cu37Zn) with 3% NaCl solution leads to the formation of oxide layers via the following reactions 19 : Furthermore, in the presence of chloride ions, the formation of CuCl species occurs according to reaction (6) 5 :
Cu Cl CuCl (6) This layer has poor adhesion and has no ability to protect the metal. Furthermore, the layer is transformed into CuCl 2 − via reaction (7) :
The cathodic reaction of brass in the investigated solution is oxygen reduction according to reaction (8) 20 :
The anodic current peak obtained in 3% NaCl solution without inhibitor suggests that copper undergoes oxidation and forms oxidation products.
Additionally, in accordance with the CV curves shown in Fig. 4a ,b, two oxidation peaks can be observed in the presence of adenine (5·10 −4 M, 1·10 −3 M, and 5·10 −3 M) in solution as well as in 3% NaCl after pretreatment in 5·10 −3 M AD solution for different periods of time (30 min, 60 min and 3 h). The first peak corresponds to the oxidation of Cu to Cu + 21,22 . The intensity of this current peak is reduced as the concentration of adenine or the exposure time of brass to AD solution increases, indicating the protective ability of AD. In the cathodic direction, the reduction peak is observed at ~ −0.4 V vs. SCE, indicating the reduction of brass corrosion products. The second anodic current peak appears only if adenine is present either in the test solution or on the surface of the electrode. The peak intensity is greatest in the presence of the highest adenine concentration or after the longest pretreatment. This current peak can be attributed to the reaction of Cu + and adenine and the formation of the Cu(I)-adenine complex 23 .
It is known that the form of adenine in neutral NaCl solution is anionic 13 . This form of adenine forms a Cu(I)-adenine complex with Cu + 24 . At lower concentrations adenine reacts with CuCl and forms the following compound on the electrode surface 13 :
ads 5 5 5 5 4 5 ads However, with the addition of a higher concentration of adenine, adenine adsorbs directly on the electrode surface according to the following reaction 13 : As a result of these reactions, a protective layer [Cu-C 5 H 4 N 5 ] ads is formed on the electrode surface. According to Sharma and Trnkova 23 , it is also possible to form adenine dimers at higher potentials in neutral and alkaline media.
According to literature data Cu 2+ react with salicylaldoxime and 4(5)-methylimidazole and form complexes [25] [26] [27] [28] [29] [30] . Formation of complexes is present in Figs 5 and 6. In accordance with the literature, salicylaldoxime has the ability to form insoluble complexes with copper 31 . The formation of this layer on the brass surface prevents further corrosion and prevents the adsorption of aggressive ions on the brass surface. The CV curves in the presence of salicylaldoxime are similar to that of brass in inhibitor-free solution (Fig. 7a ), and the mechanism of brass dissolution is not changed. The addition of SA reduces the intensity of the cathodic peak to a certain extent, suggesting an inhibitory effect. The cyclic voltammetry curves of brass after pretreatment in 5·10 −3 M SA (Fig. 7b ) indicate a decrease in both the anodic and cathodic current peaks with increasing immersion time. A significant reduction in these peaks is evident after the longest pretreatment, indicating a strong interaction between SA and the brass surface. This behavior could be explained by the formation of a compact protective layer on the brass surface. www.nature.com/scientificreports www.nature.com/scientificreports/ The addition of 1·10 −2 M 4(5)-methylimidazole causes a reduction in the anodic current peak, indicating the formation of a protective layer on the brass surface, which effectively prevents the dissolution of the brass (Fig. 8a) . It is assumed that the presence of the inhibitor at concentrations less than 1·10 −2 M was not sufficient to form a protective layer and that aggressive ions came into contact with the brass. The mechanism of formation of the protective film can be described by reaction (11) 32 :
The formed Cu(inh) ads does not fully cover the surface of the brass at lower concentrations of the inhibitor. Therefore, the dissolution of metals occurs in places on the brass surface that are not covered with the Cu(inh) ads layer.
During the reverse scan, a small activation anodic peak is observed in the presence of SA and 4(5)-MI, indicating the occurrence of the reactivation process. It is proposed that the brass surface in 3% NaCl solution is not completely covered by a protective layer of inhibitor. The current density of the activation peak is the highest in the presence of 4(5)-methylimidazole. This may be explained by either the formation of porous and thin protective films 33 or competition between dissolution and precipitation of the layer on the brass surface 34 .
The influence of pretreatment of the electrode in 4(5)-MI aqueous solution is shown in Fig. 8b . The current densities of both the anodic and cathodic peaks are affected by immersion time. Increasing the exposure time of www.nature.com/scientificreports www.nature.com/scientificreports/ brass in 4(5)-MI solution (3 h and 24 h) leads to the appearance of two anodic peaks. Similar behavior is obtained after the exposure of brass to AD solution. This behavior could be explained by the reaction of Cu + with 4(5)-MI and the formation of a Cu(I)-imidazole complex. The formed Cu(I)-imidazole complex has anticorrosive properties and prevents the further reaction of chloride ions and brass, which is in agreement with the literature 35, 36 .
Potentiodynamic polarization measurements of brass. The polarization curves of brass in 3% NaCl
without and with the addition of different concentrations of 4(5)-methylimidazole, salicylaldoxime and adenine are shown in Figs 9a-11a, respectively. The presence of the investigated inhibitors leads to a decrease in the corrosion current density relative to that of inhibitor-free solution. This can be explained by the formation of a protective layer on the brass surface.
The addition of adenine causes a change in brass behavior in 3% NaCl solution. This change is illustrated in Fig. 9a . In the presence of 1·10 −4 M adenine, the anodic current density rapidly increases with potential. It is proposed that this concentration of adenine is not enough to form a protective layer (to cover the entire brass surface). Upon further increasing the adenine concentration, both the anodic and cathodic current densities are reduced in comparison to those in blank solution, and the corrosion potential (E corr ) values shift toward the negative direction.
The corresponding electrochemical parameters of brass corrosion in 3% NaCl, including the corrosion potential (E corr ), corrosion current density (j corr ), anodic (b a ) and cathodic (b c ) Tafel slopes and inhibition efficiency (IE), were calculated according to polarization curves. The inhibition efficiency was determined via Eq. (12):
where j corr and j corr(inh) are corrosion current densities without and with the addition of inhibitor in 3% NaCl solution.
As shown in Table 1 , the corrosion current densities are decreased in the presence of inhibitors, indicating an inhibitory effect. Additionally, the anodic (b a ) and cathodic (b c ) Tafel slopes are changed in the presence of adenine (Table 1) . This behavior can be explained by the formation of a protective layer on the metal surface 11 .
Potentiodynamic polarization curves of brass obtained in 3% NaCl solution after immersion in 5·10 −3 M AD, 5·10 −3 M SA and 1·10 −2 M 4(5)-MI for different periods of time are presented in Figs 9b-11b, respectively.
According to Fig. 9b , the cathodic current density decreases after pretreatment of brass for 30 min in 5·10 −3 M AD relative to that of inhibitor-free solution. Furthermore, as the exposure time increases, the anodic current density also decreases, indicating a decrease in the brass dissolution processes. It is evident that IE increases as the immersion time of the brass electrode in AD solution increases (Table 1 ). This can be explained by the formation of a more stable protective layer on the brass surface under the examined conditions, thereby protecting the brass from corrosion. It is evident from Table 1 that the values of E corr are shifted in the negative direction as immersion time increases. This displacement of corrosion potential is lower than 85 mV, indicating that adenine behaves like a mixed-type inhibitor.
In the presence of SA, the corrosion potential (E corr ) is moved toward less positive values in comparison to that of blank solution, but there is no definite shift in E corr (Fig. 10 ). The addition of SA leads to a significant decrease in the cathodic current density compared with the anodic current density, especially in the vicinity of the corrosion potential. It is proposed that SA acts as a mixed-type inhibitor with a pronounced effect on the cathodic reaction. The calculated parameters in Table 2 indicate that the corrosion current density decreases with increasing The electrochemical parameters of brass corrosion in 3% NaCl after pretreatment in aqueous SA solution for various periods of time are also presented in Table 2 . The shift in E corr is not significant with increasing immersion time, but the value is more positive than that obtained in 5·10 −3 M SA without pretreatment. This behavior indicates that SA acts as a mixed-type inhibitor. Additionally, the pretreatment of brass in 5·10 −3 M SA solution leads to a remarkable decrease in corrosion current density relative to the value obtained in 5·10 −3 M SA without pretreatment.
Potentiodynamic polarization curves of brass in 3% NaCl solution without and with the addition of 4(5)-MI are shown in Fig. 11 . Similar to adenine, the presence of 4(5)-MI leads to the displacement of both the anodic Table 1 . Electrochemical parameters of brass corrosion in 3% NaCl solution without and with the addition of different concentrations of adenine and after pretreatment in adenine solutions for various time periods. /(In the immersion time column) -means that the measurements were performed without pretreatment of brass electrode in inhibitor solution. /(In the IE column) -means that there is no inhibition activity. and cathodic curves toward lower current values. In accordance with this behavior, it can be said that 4(5)-MI acts as a mixed-type inhibitor. The electrochemical parameters presented in Table 3 indicate that the inhibition efficiency increases as the concentration of 4(5)-MI increases. The values of the anodic and cathodic Tafel slopes are changed in the presence of inhibitors, suggesting that a protective layer is formed on the brass surface 11 . As presented in Table 3 , the values of E corr do not change significantly after the immersion of brass in aqueous 4(5)-MI solution. Additionally, Fig. 11b shows that the pretreatment of the electrode causes a remarkable decrease in the corrosion rate, shifting the cathodic curves to lower current densities. This can be explained by the formation of a protective layer on the brass surface that hinders the cathodic reaction. It is proposed that the stability of the formed layer increases with exposure time, leading to increased IE. Table 2 . Electrochemical parameters of brass corrosion in 3% NaCl solution without and with the addition of different concentrations of salicylaldoxime and after pretreatment in salicylaldoxime solutions for various time periods. /(In the immersion time column) -means that the measurements were performed without pretreatment of brass electrode in inhibitor solution. /(In the IE column) -means that there is no inhibition activity.
The results obtained by potentiodynamic polarization measurements confirm that the protective ability of the inhibitors increases with increasing inhibitor concentration as well as with increasing immersion time. Analysis of the curves presented in Figs 9-11 leads to the conclusion that better anticorrosive protection is provided by electrode pretreatment in inhibitor solution than by the addition of inhibitor to the test solution. However, with the potential increase curves obtained in the NaCl solution with and without addition of inhibitor are coincide, which indicates the dissolution of the protective film and the desorption of inhibitor molecules from the surface of the electrode. By comparing the anodic and cathodic Tafel slopes obtained without and with the appropriate pretreatment of brass (Tables 1-3 Table 3 . Electrochemical parameters of brass corrosion in 3% NaCl solution without and with the addition of different concentrations of 4(5)-methylimidazole and after pretreatment in adenine solutions for various time periods. /(In the immersion time column) -means that the measurements were performed without pretreatment of brass electrode in inhibitor solution. /(In the IE column) -means that there is no inhibition activity. www.nature.com/scientificreports www.nature.com/scientificreports/ probably indicates that the pretreatment of brass in the appropriate solution leads to the formation of a compact protective layer. Additionally, the obtained results indicate that the tested inhibitors remarkably reduce the corrosion rate of brass in 3% NaCl solution by hindering both reactions 37 . Surface analysis. Figures 12 and 13 show SEM-EDS images of polished brass surfaces without any treatment and after the immersion of the electrode for 24 h in 3% NaCl, 5·10 −3 M AD, 5·10 −3 M SA and 1·10 −2 M 4(5)-MI solutions. www.nature.com/scientificreports www.nature.com/scientificreports/ According to the figure, the brass surface after pretreatment in NaCl solution is different from the brass surface without any treatment. EDS analysis shows that Cl − ions exist on the brass surface, which indicates that corrosion products are formed. Additionally, after pretreatment in adenine, salicylaldoxime and 4(5)-methylimidazole solutions, the electrode surface is changed. Moreover, on the brass surface presented in Fig. 12B , there exist adsorbed species that are not found on the clean surface (Fig. 12A) . The EDS spectrograms show that nitrogen atoms are detected on the brass surface after treatment of the electrode in inhibitor solutions. Furthermore, nitrogen atoms derive from adenine, salicylaldoxime and 4(5)-methylimidazole molecules, and their presence indicates that the adsorption of AD, SA and 4(5)-MI occur at the active sites on the brass surface ( Figs 12C and 13A,B ). Table 4 . Adsorption parameters of adenine, salicylaldoxime and 4(5)-methylimidazole on the brass surface in 3% NaCl. www.nature.com/scientificreports www.nature.com/scientificreports/ Adsorption isotherm. The important step in the inhibition of corrosion is the adsorption of inhibitors on the metal surface. Additionally, the adsorption isotherm provides information about the interaction between the metal surface and a given inhibitor. To obtain information about the mode of corrosion inhibition of brass by adenine, salicylaldoxime and 4(5)-methylimidazole, the Langmuir adsorption model was examined. This adsorption model is given by Eq. (13):
The obtained linear relation of c/θ versus inhibitor concentration ( Fig. 14) suggested that the Langmuir adsorption isotherm provides the best description of the adsorption behavior of the investigated compounds on the brass surface.
The Gibbs free energy (−ΔG) can be calculated according to Eq. (14):
where R is the universal gas constant, T is the thermodynamic temperature, and the value of 55.5 is the molar concentration of water in solution.
The linear regression coefficient (R 2 ) is almost equal to 1, indicating that the adsorbed molecules occupy only one site. The obtained Gibbs free energies present in Table 4 point to stronger adsorption of adenine and salicylaldoxime than 4(5)-methylimidazole.
Quantum chemical calculation. Quantum chemical calculations and molecule geometry optimization were performed using ArgusLab 4.0 38 , software previously proven useful for this purpose [39] [40] [41] . The PM3-SCF method was applied. The calculated parameters are summarized in Table X and include the highest occupied molecular orbital energy (E HOMO ), lowest unoccupied molecular orbital energy (E LUMO ), energy gap (ΔE = E LUMO − E HOMO ) and dipole moment of inhibitor (μ). Further calculations using the obtained parameters included the determination of the ionization potential (I), electron affinity (A), electronegativity (χ), global hardness (η) and the maximum number of electrons transferred (ΔN max ). The following Eqs (15) (16) (17) (18) (19) were used: 
The proposed spatial distribution of HOMO and LUMO is presented in Figs 15-17 . The values of the quantum chemical parameters calculated for methylimidazole, adenine and salicylaldoxime are in accordance with the available previously published results [42] [43] [44] .
Comparative analysis of the experimental results and calculation results indicates that several quantum chemical parameters can be correlated with inhibition efficiency. Namely, as the energy gap decreases, organic molecules can provide higher inhibition efficiency. Higher values of E HOMO and lower values of E LUMO are, in this case, also good indicators of potential inhibition efficiency. These values are indicators of the tendency of inhibitor molecules to donate (E HOMO ) or accept (E LUMO ) electrons and hence to be adsorbed on the metal surface (ΔE). A similar trend can be observed regarding molecular hardness; i.e., as the molecular hardness decreases, the molecule reacts with the surface more readily, and the corrosion effect decreases. Similar observations have been presented in the literature [45] [46] [47] [48] . The maximum number of electrons transferred increases in the same order as the experimentally obtained inhibition efficiency, as was also noticed by Bedair 49 . The molecule with the highest dipole moment also provides the highest inhibition efficiency, which is in accordance with results found in the literature as well 48, 50 . Nevertheless, all the studied compounds have dipole moment values greater than that of Table 5 . Quantum chemical parameters.
